Here we report a high power, pulsed optical parametric oscillator (OPO) at 3.5 µm by using a MgO:PPLN crystal as the gain medium. The OPO itself was pumped by a semiconductor diode-seeded, Yb 3+ -doped fiber Master Oscillator Power Amplifier (MOPA) operating at 1062nm. An OPO output power as high as 11W at an overall slope efficiency of 67% was achieved, with nearly 2.7W and 8.2W of optical power obtained at 3.5µm and 1.5µm respectively. Due to the fast response time of the external modulator, it is possible to implement active pulse shaping on a nanosecond time-scale. Using adaptive pulse shaping of the seed laser (using an external modulator) we demonstrated a reduction in the impact of dynamic gain saturation and optical Kerr/Raman nonlinearities within the fibre MOPA obtaining shaped signal and idler pulses at the OPO output and reduced spectral bandwidths. We have also investigated the dependence of the OPO build-up time and energy transfer efficiency on pump pulse peak power and shape. The build-up time shows an exponential dependence on the pulse peak power and as expected decreases with an increase in pulse peak power. Analyzing the shift in spectral peak at 1.5µm it is possible to estimate the internal temperature of the crystal for various pump powers. Our experiments were pump-power limited and considerable scope remains for further power-scaling of the OPO output using this approach.
INTRODUCTION
High power, nanosecond optical parametric oscillators (OPOs) working in the mid-infrared wavelength range are required for many aerospace and sensor applications including importantly both LIDAR and missile counter-measures. Periodically poled magnesium oxide doped lithium niobate (PPMgLN) based OPOs represent a particularly attractive approach due to the high optical nonlinearity, excellent power handling characteristics and wide transparency range of PPMgLN crystals. Such sources have been widely investigated over the last decade and have been shown to be capable of both high-power and highly-efficient operation when pumped with a variety of bulk solid state pump sources [1] , [2] , [3] . Given the rapid recent developments in high power fiber laser technology [4] , [5] considerable interest in fiber laser pumped, PPMgLN-based OPOs has developed over recent years. The excellent heat dissipation characteristics of the fiber environment is particularly advantageous for OPO pumping since excellent beam quality, an indispensable requirement to achieve high parametric conversion efficiency, can readily be maintained without recourse to complex thermal management schemes in single-mode (SM) fibers, or effectively single mode (ESM) fibers operating at high average output powers. Fiber laser pumped PPMgLN based OPOs thus promise a route to a new generation of compact, tunable, high power parametric devices [6] , [7] . There have been numerous reports on high power fiber laser pumped, PPMgLN based OPOs over the years [6] , [7] , [8] . High average power parametric output in excess of 10 W at 2.94µm was reported from a PPMgLN-based OPO pumped by a 50W continuous wave (CW) Yb 3+ -doped fiber laser [7] . However, in the case of pulsed operation, where the peak powers are typically much higher than in the CW mode, the maximum average output power for parametric conversion in the 3-4 micron range so far reported has been limited to around the one watt level [8] . A primary reason for this limitation is the difficulty in managing the deleterious nonlinear effects in fiber at the peak power/pulse energy levels (~10kW/1mJ regime) that this typically entails within the pump laser. Nonlinear Raman and Brillouin scattering can be particularly problematic and can either compromise the overall OPO efficiency, or under certain circumstances, lead to instabilities that have the potential to cause catastrophic damage to the fiber. These problems can be further exacerbated by pulse shaping effects due to dynamic gain depletion on the timescale of the pulse which results in pulse narrowing within the fiber laser, and thus higher peak powers for a given output pulse energy than optimal. For most parametric processes a pulse with a uniform intensity (i.e. a rectangular pulse shape) is desirable since, ignoring transient effects, high uniform conversion efficiency can then be achieved across the full pulse form and better overall efficiency achieved. In this paper, we report our recent experimental work on a fiber MOPA pumped PPMgLN based OPO. A detailed description of the 1062nm pulsed fiber MOPA will be provided in section II. Section III focuses on the optical parametric oscillator while conclusions on the experimental results will be drawn in section IV.
LD SEEDED HIGH POWER YB 3+ -DOPED FIBER MOPA
A schematic diagram of the all-fiber MOPA is illustrated in Fig. 1 . The seed was a fiber pigtailed Fabry-Perot laser diode chip (Bookham CPE425) working around 1060nm. The centre wavelength of the seed signal was set to 1062nm with an external fiber Bragg grating. The corresponding 3dB bandwidth was 0.2nm. The optical output of the seed laser was passed through a high extinction ratio (>30dB) lithium niobate electro-optic modulator (EOM) which was used to carve pulses as described later in this section. The insertion loss of the EOM was 5dB and the typical duty cycle used in our experiments was 200:1 (e.g. 100ns pulses at a repetition rate of 50KHz).
Approximately 0.3mW of average seed signal power from the EOM was amplified by a three-stage amplifier chain to drive the OPO. The first pre-amplifier stage is based on a core pumped, Yb 3+ -doped active fiber, fabricated in-house with a core diameter and NA of 6µm and 0.12 respectively. A maximum saturated output power of 30mW was obtained from this stage corresponding to a signal gain of 20dB. The output of the first stage amplifier was coupled into the second pre-amplifier stage via an optical isolator. The isolator limits both signal and ASE cross-coupling between the two amplifier stages.The active medium of the second-stage amplifier was a double-clad Yb 3+ -doped fiber (YB125 from OFS) with a core diameter and NA of 6µm and 0.13 respectively. The gain medium was co-propagating pumped by a 915nm fiber-pigtailed broad-stripe diode laser through a (6 + 1) fused tapered fiber bundle (TFB). The maximum saturated output power from this stage was limited to <0.5W to extract maximum possible gain from the final-stage amplifier without compromise by ASE build-up. This helps in two ways: (i) it reduces the power required and demands in terms of power handling of the in-line optical components and (ii) reduces the nonlinear effective length of the finalstage amplifier which depends exponentially on the gain parameter, resulting in clean, high peak power pulse generation from the fiber MOPA. The partially polarized optical signal from the two non-PM pre-amplifier stages was aligned to the slow-axis of an inline PM isolator using a polarization controller providing ~60% signal throughput. The resulting linearly polarized signal was then coupled into a large mode area (LMA), PM, double-clad, Yb 3+ -doped active fiber (PLMA-YDF-25/345 from Nufern). The fiber has a core diameter of 25µm and a core NA of 0.06. The cladding diameter of the polymer coated fiber was 345µm with an NA of 0.45. Free-space pump coupling through the signal output end was used to pump the active medium. To minimize the splice loss between the passive single-mode PM fiber (SM98-PS-U25A from Fujikura) and LMA active fiber the outer diameter of the LMA fiber was tapered down to 125µm and a core diameter of 9µm. This helps to reduce the mode field diameter mismatch between the two dissimilar fibers ensuring lower splice loss. The maximum splice loss measured was <1dB -substantially lower than that obtained without tapering (~2dB).
A maximum output power of 26.5W was obtained at an absorbed pump power of 41W corresponding to a slope efficiency of 70% as shown in Fig. 2 . The output pulse shapes for different output powers are plotted in Fig. 3 . The inset shows the square input pulse launched into the fiber amplifier chain. In all instances significant pulse narrowing was observed due to gain depletion on the timescale of the pulse, as shown in Fig. 3 for pulse parameters relevant to our actual OPO experiments.
A rectangular pulse form is desirable at the system output in order to reduce the peak powers for a given pulse energy and to ensure more uniform frequency conversion. To achieve this one can pre-distort the input pulses to try and compensate for the gain depletion effects. In our experiments this was achieved by using carved input pulses with an appropriately (exponentially) increasing rising edge as shown in Fig. 4a , where we show both the input (4a) and output (4b) pulse shapes as a function of output power. The pre-distorted pulse shapes were defined by driving the EOM pulse carver with an Arbitrary Waveform Generator (AWG) with a 4ns feature resolution. For a more detailed description of the pulse shaping control scheme see reference [5] . The measured polarization extinction ratio (PER) was 10.7dB i.e. 91.5% of the output power was aligned to the slowaxis of the active fiber. This moderate extinction ratio is believed to be caused by the imperfect excitation of a single polarization mode at the input end of the final stage amplifier and could be improved further by optimizing the tapered splicing process. The spatial beam characteristics of the amplified signal output were measured using a beam-profiler. The beam quality factor (M 2 ) of the MOPA output was estimated to be ~1.3 (measured at 16W of signal output power). The spectra of the laser output from the final stage amplifier were measured using an optical spectrum analyzer (Agilent HP 86142) and are displayed in Fig. 5 . The resolution of the spectrum analyzer was set at 0.1nm. It was found that at the highest pulse energies used in our OPO experiments the spectrum of the laser output broadened slightly from 0.2nm to 0.5nm for shaped input pulses (Figure 5a ) due to the nonlinear Kerr effect within the amplifier chain. However, the spectral broadening was significantly larger (~1.0nm) for unshaped (square) input pulses (Fig. 5b) . This highlights the advantages of using shaped input pulses to preserve the spectral integrity at high pulse energies. No evidence of stimulated Raman (or Brillouin) scattering was observed in either case. However the rapid rise in pulse peak power and the associated spectral broadening due to self phase modulation (SPM) experienced by the unshaped pulses inside the fiber amplifiers chain limits the performance of such sources in terms of obtaining clean and efficient parametric conversion of the fundamental signal, as illustrated in the next section. 
PULSED FIBER MOPA PUMPED OPO
The MOPA output was used to pump a PPMgLN based OPO. A double pass singly resonant OPO configuration was used to ensure a high conversion efficiency. A schematic of the experimental set-up is illustrated in Fig. 6 . The polarization of the amplified signal from the final-stage amplifier was first cleaned up with the help of a polarization beam splitter (PBS). A half wave plate (HWP) prior to the PBS allowed us to rotate the signal polarization to obtain maximum transmission through the PBS. A bulk isolator was used to safeguard the fiber amplifier chain from any unwanted feedback. Introduction of the PBS and the isolator resulted in a 20% loss in output power from the final-stage amplifier. The output from the isolator was directed through a converging lens with a focal length of 300mm to pump the OPO. The corresponding waist diameter was measured to be 210µm. The OPO was configured as a simple linear plane:plane mirror cavity. The input mirror was anti-reflection coated across the 1060nm band and had a high reflectivity spanning from 1400nm to 1600nm as well as from 3.5µm to 4.0µm. By contrast the output coupler had a high reflectivity coating across the 1060nm band and exhibited high transmission between 3.5µm to 4.0µm. The reflectivity of the output coupler at 1520nm was 70%. The PPMgLN crystal used was made in-house and comprised a wafer (50 x 10 x 1 mm) patterned with multiple channels with uniform homogeneous domain reverse periods ranging between 27.8µm to 31µm for different channels [9] . Both ends of the PPMgLN crystal were finely polished and antireflection coated for wavelengths of 1060nm, 1400nm to 1600nm and 3500nm to 4000nm. The overall OPO cavity length was about 65mm.
We investigated OPO operation on one specific PPMgLN channel with a domain reversed grating period of 30.0µm which gave OPO operation at signal wavelength of 1518nm and corresponding idler wavelength of 3535nm. The detailed output power dependence of the parametric oscillator on pump power from the fiber laser is illustrated in Figs. 7a and 7b which show the OPO output as a function of pump power for shaped and unshaped input optical pulses respectively. A total parametric output power as high as 11W was obtained (with 2.7W of power at 3.5µm) for 21W of incident pump power at 1062nm. This corresponds to an overall conversion efficiency of 52%. The slope efficiency of the OPO was estimated to be 67%. Note that no evidence of output power saturation with increasing pump power was observed within these experiments -the output power achieved being limited by available pump power. Further investigations were carried out to understand the OPO build-up time, energy transfer efficiency etc. as a function of pump pulse peak power and shape. Fig. 9 shows the pulse characteristics both at 1062nm and 1518nm measured both before and after the OPO cavity at different pump pulse peak powers. By comparing the pulse profiles of the combined 1062nm pump & 1518nm signal and that of the 1518nm signal after the OPO cavity it is possible to study the dynamic aspects of the OPO performance e.g. the OPO build-up time and extent of the depletion across the pump pulse.
In Fig. 8 we plot the shape of various pump and signal pulses for the OPO for both shaped and unshaped pulse pumping at two different power levels. The onset of parametric oscillator is readily observable with a very strong correlation in timing in terms of increase in output power and the onset of pump depletion. The OPO build-up time (i.e. time between the leading edge of the pulse and the onset of lasing) was found to decrease with increasing pump pulse peak power, resulting in improved energy transfer from the pump pulse to the signal and idler pulses (i.e. since the cavity is above threshold for a greater proportion of the pump pulse duration). The OPO build-up time as a function of pump pulse peak power is shown in Fig. 9 . The measured experimental points agree well with an exponential fit. The trend is similar to that observed by Alam et.al. [10] with regards to frequency shifted feedback picosecond fiber laser. Fig. 10 plots both shaped and unshaped output optical pulses at 1062nm exhibiting similar leading edge peak powers (-the leading edge of the pump pulse plays the dominant role in initiating the parametric conversion process). The corresponding average powers coupled into the crystal for the shaped and unshaped optical pulses were 20.8W and 10.6W respectively. Thus the shaped optical pulses can extract around twice as much energy for a given peak power as the unshaped optical pulses even for moderate output peak powers. The extracted energy ratio will be even higher for higher energy (peak power) pulses which experience an even greater amount of gain saturation within the MOPA.
Spectral plots of the 1518nm signal for both shaped and unshaped input pulses to the amplifier chain are illustrated in Fig. 11 . Once again the resolution of the spectrum analyzer was set at 0.1nm to enhance the fine structure of the output spectra. For unshaped pulses, the time average central spectral peak of the 1518nm signal breaks into two reasonably defined peaks for the maximum available pump pulse peak power as shown in Fig. 11b . We attribute this to instabilities associated with multi-mode operation at the high peak pump powers due to high parametric gains and the excessively broadened pump spectra. Similar spectra broadening has previously been reported by Myers et al in 1995 who also observed that use of a long stable pulse pump generally resulted in a narrower parametric signal spectrum [11] . Note that the peak central wavelength moves to longer wavelengths with increasing pump power. This can be attributed to internal heating within the PPMgLN crystal due to the relatively high absorption of PPMgLN within the idler wavelength band. The shift in wavelength is observed to be greatest for unshaped optical pulses relative to shaped pulses at the same average pump power -implying that the internal heating of the crystal is peak power dependent and may be associated with the higher idler intensity and corresponding idler loss. It is possible to estimate the rise in internal temperature of the PPMgLN crystal from the observed wavelength shift. Our calculations indicate that the internal temperatures rose by about 16 0 C for the unshaped optical pulses but only by about 6 0 C in the case of shaped pulses as the average pump power at 1062nm increased from 6.5W to 21W.
CONCLUSION
We have demonstrated a high power pulsed fiber laser pumped PPMgLN based OPO. Using adaptive pulse shaping of the seed laser we managed to reduce the impact of dynamic gain saturation and optical Kerr (e.g. SPM) nonlinearities within the fiber MOPA. A maximum average output power of 26.7W and signal gain of ~20dB at a slope efficiency of 70% was obtained from the final-stage PM fiber amplifier at 1062 nm. A PER of as high as 10.7dB was measured after the MOPA chain and which should be improvable by further optimizing the tapered splicing process. The M 2 of the amplified output signal was measured to be <1.3. An output power as high as 11W from the OPO at an overall slope efficiency of 67% was achieved, with 2.7W of output power obtained at a wavelength of 3.5µm. No saturation of the parametrically generated signal and idler pulses was observed during the experiments. The OPO build-up time showed an exponential dependence on the pump pulse peak power. OPO pulses with good spectral characteristics can be obtained after the parametric conversion process provided that spectral broadening of the pump pulses due to SPM is not too severe. It was observed that the spectral peak breaks into two after parametric conversion for pump pulses with considerably broadened spectral bandwidth. The peak central wavelength of the signal light at 1518nm moves to the longer wavelength side as the pump pulse peak power increases due to internal heating of the PPMgLN crystal as a result of the relatively highly material absorption in the idler bands. Our experiments were pump-power limited and considerable scope remains for further power-scaling of the OPO output using shaped optical pulses. 
